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(57) ABSTRACT 
An apparatus to detect particulate matter. The apparatus 
includes a sensor electrode, a shroud, and a heater. The elec 
trode measures a chemical composition within an exhaust 
stream. The shroud Surrounds at least a portion of the sensor 
electrode, exclusive of a distal end of the sensor electrode 
exposed to the exhaust stream. The shroud defines an air gap 
between the sensor electrode and the shroud and an opening 
toward the distal end of the sensor electrode. The heater is 
mounted relative to the sensor electrode. The heater burns off 
particulate matter in the air gap between the sensor electrode 
and the shroud. 
36 Claims, 12 Drawing Sheets 
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Detect a chemical composition within the exhaust 
stream via a sensor which includes an air gap 
between a SenSOr electrode and a Shroud 
surrounding the sensor electrode 
184 
Activate a heater in response to a trigger Condition 
186 7 
Heat the particulate matter in the air gap to 
burn off the particulate matter in the air gap 
between the SenSOr electrode and the Shroud 
FIG. 7 
  




Mount a sensor electrode partially within a shroud, 
forming an air gap between the sensor electrode 
and the Shroud 
194 
MOUnt the SenSOr electrode and the Shroud at least 
partially within a sensor housing so that the distal 
ends Of the Shroud and the SenSOr electrode extend 
beyond a threshold of the sensor housing 
196 
Mount a heater approximately adjacent to 
a portion of the shroud to burn off particulate 
matter in the air gap between the sensor 
electrode and the Shroud 
FIG. 8 
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1. 
PARTICULATE MATTER SENSOR WITH A 
HEATER 
FEDERALLY SPONSORED RESEARCHOR 
DEVELOPMENT 
The U.S. Government has certain rights in this invention as 
provided for by the terms of Grant No. DE-FC26-06NT42966 
awarded by the U.S. Department of Energy. 
BACKGROUND 
Internal combustion engines (e.g. diesel engines) typically 
generate an exhaust flow that contains varying amounts of 
particulate matter (PM). The amount and size distribution of 
particulate matter in the exhaust flow tends to vary with 
engine operating conditions, such as fuel injection timing, 
injection Volume, injection pressure, or the engine speed to 
load relationship. Adjustment of these conditions may be 
useful in reducing particulate matter emissions and average 
particle size in the particulate matter from the engine. Reduc 
ing particulate matter emissions from internal combustion 
engines is environmentally favorable. In addition, particulate 
matter measurements for diesel exhaust is useful for on-board 
(e.g., mounted on a vehicle) diagnostics of PM filters and 
reduction of emissions through combustion control. 
Conventional technologies that may be used for on-board 
monitoring of particulate matter in exhaust flow include wire 
sensor applications. Wire sensors apply a high Voltage 
between two electrodes and measure the current or charge 
between the electrodes. The electrode measurement is corre 
lated with a specific particulate matter concentration. How 
ever, wire electrode sensors are subject to the de-calibration 
and baseline drift of the sensor due to accumulation of soot 
(i.e., particulate matter deposit) on and between the elec 
trodes. 
A conventional solution to remove the particulate matter 
deposit from the electrodes implements a wire coil heater 
near the concentration of particulate matter deposits. The 
wire coil heater is wound around the electrodes to heat the 
electrodes and thermally break down the accumulated 
deposit. With the heater and electrode exposed to a relatively 
high concentration of particulate matter in the exhaust stream, 
the heater consumes high amounts of energy to burn off the 
particulate matter and prevent sensor signal corruption. 
SUMMARY 
Embodiments of an apparatus are described. In one 
embodiment, the apparatus includes a sensor electrode, a 
shroud, and a heater. The sensor electrode measures a chemi 
cal composition within an exhaust stream. The shroud Sur 
rounds at least a portion of the sensor electrode, exclusive of 
a distal end of the sensor electrode exposed to the exhaust 
stream. The shroud defines an air gap between the sensor 
electrode and the shroud and an opening toward the distal end 
of the sensor electrode. The heater is mounted relative to the 
sensor electrode. The heaterburns off particulate matter in the 
air gap between the sensor electrode and the shroud. Other 
embodiments of the apparatus are also described. 
Embodiments of a system are also described. In one 
embodiment, the system includes a sensor, a heater, and a 
processor. The sensor detects a chemical composition within 
an exhaust stream. The sensor includes a sensor electrode and 
a shroud Surrounding the sensor electrode. The shroud defines 
an air gap between the sensor electrode and the shroud. The 













mounted relative to the sensor electrode. The heater burns off 
particulate matter in the air gap between the sensor electrode 
and the shroud. The processor receives a sensor signal from 
the sensor electrode and controls the heater. Other embodi 
ments of the system are also described. 
Embodiments of a method are also described. In one 
embodiment, the method is a method for burning off a par 
ticulate matter from a sensor in an exhaust stream. The 
method includes detecting a chemical composition within the 
exhaust stream using a sensor which includes a sensor elec 
trode and a shroud Surrounding the sensor electrode to define 
an air gap between the sensor electrode and the shroud. The 
air gap is exposed to the exhaust stream. The method also 
includes activating a heater in response to a trigger condition. 
The heater is mounted relative to the sensor electrode. The 
method also includes heating the particulate matter in the air 
gap to burn off the particulate matter in the air gap between 
the sensor electrode and the shroud. Other embodiments of 
the method are also described. 
Embodiments of another method are also described. In one 
embodiment, the method is a method for making a particulate 
matter concentration sensor. The method includes mounting a 
sensor electrode partially within a shroud, forming an air gap 
between the sensor electrode and the shroud. The method also 
includes mounting the sensor electrode and the shroud at least 
partially within a sensor housing. The distal ends of the 
shroud and the sensor electrode extend beyond a threshold of 
the sensor housing. The method also includes mounting a 
heater approximately adjacent to a portion of the shroud. The 
heater burns off particulate matter in the air gap between the 
sensor electrode and the shroud. Other embodiments of the 
method are also described. 
Other aspects and advantages of embodiments of the 
present invention will become apparent from the following 
detailed description, taken in conjunction with the accompa 
nying drawings, illustrated by way of example of the prin 
ciples of the invention. 
BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 depicts a schematic diagram of one embodiment of 
an electrode assembly. 
FIG. 2 depicts a cross-sectional view of an electrode 
assembly channel with particulate matter deposits. 
FIG. 3A depicts a cross-sectional view of another embodi 
ment of the electrode assembly of FIG. 1. 
FIG. 3B depicts a cross-sectional view of the electrode 
assembly of FIG. 3A with an electrode coating. 
FIG. 4A depicts a schematic diagram of one embodiment 
of a dual electrode assembly. 
FIG. 4B depicts a cross-sectional view of another embodi 
ment of a dual electrode assembly. 
FIG.5 depicts a schematic diagram of one embodiment of 
a particulate matter sensor with a protective electrode hous 
1ng. 
FIG. 6 depicts a block diagram of one embodiment of a 
particulate matter detection system. 
FIG. 7 depicts a block diagram of one embodiment of a 
method for operating a particulate matter sensor. 
FIG. 8 depicts a block diagram of one embodiment of a 
method for making a particulate matter sensor. 
FIG.9 depicts a schematic diagram of another embodiment 
of the sensor assembly of FIG. 1. 
FIG. 10 depicts a schematic diagram of another embodi 
ment of the sensor assembly of FIG. 1. 
US 7,998,417 B2 
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Throughout the description, similar reference numbers 
may be used to identify similar elements. 
DETAILED DESCRIPTION 
FIG. 1 depicts a schematic diagram of one embodiment of 
an electrode assembly 100. The illustrated electrode assem 
bly 100 includes a wire electrode 102. In some embodiments, 
the wire electrode 102 may be made of NiChrome wire. In 
other embodiments, the wire electrode 102 may be made of 
other materials with characteristics for high heat tolerance 
and/or low oxidation. 
The electrode assembly 100 also includes a shroud 104. 
The illustrated shroud 104 may be metallic or some other 
conductive material. In some embodiments, the shroud 104 is 
biased to function as an electrical reference point or ground 
relative to the wire electrode 102. This facilitates measure 
ment of ambient conditions in the vicinity of the wire elec 
trode 102. The shroud 104 at least partially defines an air gap 
106 surrounding the wire electrode 102. In some embodi 
ments, the air gap 106 may be defined as the radial distance 
from the outer surface of the wire electrode 102 to the inner 
surface of the shroud 104. In some embodiments, the shroud 
104 is at a radial distance from the wire electrode 102 to 
prevent electrical arcing between the shroud 104 and the wire 
electrode 102. Electrical arcing may occur when particulate 
matter builds up within the air gap. 
In the illustrated electrode assembly 100, the wire elec 
trode 102 and the shroud 104 have constant radii along their 
respective lengths. As a result, the air gap 106 also has a 
constant width. In some embodiments, the wire electrode 102 
and the shroud 104 may have radii that vary with respect to 
length. For example, Some embodiments may incorporate a 
wider radius at the distal end of the shroud 104 to create a 
larger air gap 106 at that point, to allow more particulate 
material to deposit on the shroud 104 or wire electrode 102 
before electrically discharging between the wire electrode 
102 and the Shroud 104. 
The electrode assembly 100 of FIG. 1 also includes an 
electrode attachment point 108. The electrode attachment 
point 108 is located at the proximal end of the shroud 104, 
opposite the distal end of the wire electrode 102. The elec 
trode attachment point 108 serves to mount the wire electrode 
102 to the electrode assembly 100. The electrode attachment 
point 108 is made of material that is able to mechanically 
support the wire electrode 102. In some embodiments, the 
electrode attachment point 108 is a non-electrically conduc 
tive Support piece though which the conducting wire elec 
trode 102 passes. Alternatively, the electrode attachment 
point 108 is an electrically conductive support piece, which 
provides support for both the wire electrode 102 and an elec 
trically conductive path leading to the corresponding detec 
tion electronics. 
The electrode assembly 100 also includes aheater 110. The 
heater 110 includes one or more devices for generating heat. 
In general, the heater 110 generates sufficient heat to exceed 
the thermal breakdown threshold of the particulate matter 
deposits that accumulate on the shroud 106 and/or the wire 
electrode 102. In some embodiments, the heater 110 includes 
one or more resistance heaters. An example of a resistance 
heater is a coil of resistive wire which generates heat in the 
wire coil when supplied with a current. In another embodi 
ment, the heater 110 includes one or more inductance heaters. 
An example of an inductive heater is a wire coil that creates 
heat in the sensor electrode 102 when an electrical current is 












110 includes one or more combustion heaters. An example of 
a combustion heater is a flame jet. 
In some embodiments, the location of the heater relative to 
the depth of the air gap (i.e. approximately from the distal 
open end of the shroud 104 to the electrode attachment point 
108) can affect the amount of heat produced and electrical 
energy consumed in order to burn off deposited particulate 
matter. In some embodiments, the air gap 106 serves to 
remove the location of the heater 110 from areas of high 
particulate matter concentrations near the distal end of the 
wire sensor electrode 102 because the distal open end of the 
shroud 104 is exposed to the exhaust stream and is exposed to 
higher amounts of particulate matter. Lower amounts of par 
ticulate matter result in less energy and/or less frequent peri 
ods of activation to burn off particulate matter deposits. 
In some embodiments, the air gap 106 is approximately 
between 1 and 3 centimeters deep from the distal end of the 
shroud 104 to the electrode attachment point 108. In other 
embodiments, the air gap is greater than 2 centimeters deep 
from the distal end of the shroud 104 to the electrode attach 
ment point 108. 
In some embodiments, the heater 110 is connected to an 
insulating shroud 114. The insulating shroud 114 which sur 
rounds the shroud 104. The insulating shroud 114 serves as an 
insulating barrier between the conducting shroud 104 and the 
heater 110. In some embodiments, the insulating shroud 114 
is made of a ceramic material. In other embodiments, the 
insulating shroud 114 is made of another insulating material. 
For embodiments in which the shroud 104 is not conductive, 
the additional insulating shroud 114 may be omitted. 
The insulating shroud 114 also may serve as an electrically 
insulating barrier between the shroud 104 and a sensor hous 
ing 112. As illustrated, the sensor housing 112 has a rectan 
gular geometry. In other embodiments, the sensor housing 
112 may have a cylindrical or other geometry to facilitate 
installation into a sensing environment. 
In some embodiments, the heater 110 is mounted near the 
proximal end of the air gap 106. One advantage of mounting 
the heater 110 at the proximal end of the air gap 106 is 
apparent in the behavior of ceramic material when heated. 
When heated, ceramics can become electrically conductive. 
To reduce the chance of electrical discharge of the wire elec 
trode 102 against the heat-induced electrically conductive 
ceramic around the heater 110, the heater 110 is mounted at 
the proximal end of the air gap 106 to reduce concentrations 
of particulate matter at the location of the heater 110. 
FIG. 2 depicts a cross-sectional view of an electrode 
assembly air gap 106 with particulate matter deposits 142. In 
the illustrated embodiment, the particulate matter deposits 
142 are deposited in the air gap 106. In particular, the particu 
late matter 142 collects between the wire electrode 102 and 
the conductive shroud 104, creating an electrically conduc 
tive path or short between the shroud 104 and the sensor 
electrode 102. In other words, the particulate matter 142 
forms an electrical connection which alters the resulting sen 
sor signal and/or destroys the functionality of the electrode 
assembly 100. 
The particulate matter 142 has a thermal breakdown 
threshold. If the threshold is exceeded, the particulate matter 
142 burns off and is drawn out of the air gap 106 by a passing 
exhaust stream so that the particulate matter 142 does not 
form an electrically conductive path between the shroud 104 
and the sensor electrode 102. Isolating the conductive shroud 
104 from the wire electrode 102 preserves the fidelity of the 
sensor signal generated by the electrode assembly 100. 
FIG. 3A depicts a cross-sectional view of another embodi 
ment of the electrode assembly of FIG. 1. Similar numbers 
US 7,998,417 B2 
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depict similar components. In the illustrated embodiment, the 
wire electrode 102 is surrounded by a conductive shroud 104. 
The conductive shroud 104 is surrounded by an insulating 
shroud 114. The conductive shroud 104 partially defines an 
air gap 106 surrounding part of the length of the wire elec 
trode 102. 
The illustrated embodiment includes aheater 114 mounted 
on the outer surface of the insulating shroud 114. The wire 
electrode 102 is mounted in the electrode attachment point 
108. FIG. 3A also illustrates a mounting surface 116. In the 
illustrated embodiment, the mounting surface 116 is a 
threaded surface made to match up with an exhaust wall 118 
with matching threads. In some embodiments, the mounting 
surface 116 forms a seal that is substantially air tight when 
mounted in the exhaust wall 118. In some embodiments, the 
mounting Surface 116 may be a gasket or Some other mecha 
nism for mounting the sensor assembly in the exhaust wall 
118. 
FIG.3B depicts a cross-sectional view of one embodiment 
of an electrode assembly of FIG. 1 with an electrode coating 
120. The electrode coating 120 further prevents or resists the 
accumulation of particulate matter on the wire electrode 102 
and/or the conductive shroud 104. In some embodiments, the 
electrode coating 120 is a catalytic material on the surface of 
the sensor electrode 102. The catalytic coating 120 facilitates 
Surface reactions with the particulate matter on the sensor 
electrode 102 to remove the particulate matter from the sur 
face of the sensor electrode 102. In other embodiments, the 
electrode coating 120 is a non-catalytic coating to resist adhe 
sion of particulate matter to the sensor electrode 102. Some 
examples of catalytic coatings include precious metals such 
as platinum, palladium, and rhodium, although other precious 
metals may be used. Examples of non-catalytic coatings 
include metal oxides (e.g., aluminum oxide) and metals 
which are non-catalytic under typical conditions, (e.g., 
chrome or nickel). Other types of catalytic and non-catalytic 
coatings may be used. In some embodiments, the electrode 
coating 120 may cover more than about half of the length of 
the wire electrode 102. In some embodiments, the electrode 
coating 120 may cover more than about 80% of the length of 
the wire electrode 102. In other embodiments, the electrode 
coating 120 covers substantially all of the length of the wire 
electrode 102. In other embodiments which implement a 
non-conductive coating, the electrode coating 120 may cover 
less than half of the wire electrode 102 to help keep a base 
portion of the wire electrode 102 free of contaminants. Other 
embodiments may implement an electrode coating 120 to 
cover a different amount, depending on the length of the wire 
electrode 102 relative to the surrounding conductive shroud 
104. In some embodiments, the conductive shroud 104 may 
parallel more than about half of the length of the wire elec 
trode 102. Other embodiments may use different shroud 
lengths and geometries, depending on the position and sen 
sitivity of the wire electrode 102. 
FIG. 4A depicts a schematic diagram of one embodiment 
of a dual electrode assembly. In some embodiments, the elec 
trode assembly of the first wire electrode 102 and the elec 
trode assembly of the second wire electrode 122 are mounted 
in a simple sensor housing 132. In other embodiments, the 
sensor housing 132 is divided into two separate housings to 
house each electrode assembly in separate housings. In some 
embodiments, the sensor housing 132 may have electrical 
shielding between the first and second wire electrodes 102 
and 122 to reduce signal distortion. 
In some embodiments, the first heater 110 and the second 
heater 130 are combined into a single heater. In other embodi 













shielded to substantially prevent or reduce risk of “burn out” 
in the heater coils. In some embodiments, the electrode 
assembly of the first electrode 102 and the electrode assembly 
of the second electrode 122 are substantially identical. 
FIG. 4B depicts a cross-sectional view of another embodi 
ment of a dual electrode assembly. In the illustrated embodi 
ment, two sensor assemblies of FIG. 1 are mounted in one 
sensor housing 132. The measurement of electrical potential 
difference between the first wire electrode 102 a second wire 
electrode 122 facilitates particulate matter detection in a 
specimen. Operating Voltages may be AC or DC and positive 
or negative relative to ground. In one embodiment, an oper 
ating range of the bias voltage is from about 500 V to about 
2000 V, although other embodiments may use other specific 
Voltages or a broad Voltage range. The first and second wire 
electrodes 102 and 122 are mounted at a distance to avoid 
electrical discharge between the electrodes 102 and 122. The 
first wire electrode 102 is mounted to the electrode attach 
ment point 108. The insulating shroud 114 partially defines an 
air gap 106 which partially surrounds the wire electrode 102. 
The heater 110 is located on the proximal end of the sensor 
assembly. The heater 110 is located at the proximal end of the 
wire electrode 102 to reduce the amount of particulate matter 
to deposit in the region of the insulating shroud 114 where the 
heater is mounted. The location of the heater 110 requires a 
reduced amount of energy to burn off particulate matter 
deposits. The location of the heater 110 at the proximal end of 
the air gap 106 also reduces the frequency of activation peri 
ods of the heater 110 to maintain an acceptable level of 
particulate matter deposit. In some embodiments, the insulat 
ing shroud 114 may be ceramic. 
In some embodiments, the assembly of FIG. 4B of the first 
electrode 102 is oriented downstream from the assembly of 
the second electrode 122 within the exhaust stream. In other 
embodiment, the assembly of the first electrode 102 is located 
side-by-side with the assembly of the second electrode 122 so 
that a line drawn from one electrode to the other would be 
approximately perpendicular to the flow of exhaust past the 
electrodes 102 and 122. 
FIG.5 depicts a schematic diagram of one embodiment of 
a particulate matter sensor 150 with a protective housing 152. 
In the illustrated embodiment, the protective housing 152 is 
mounted to the sensor housing 112. In some embodiments, 
the protective housing 152 and the sensor housing 112 are a 
unitary structure. In other embodiments, the protective hous 
ing 152 and the sensor housing 112 are formed separately, and 
the protective housing 152 is mounted to the sensor housing 
112. In some embodiments, the protective housing 152 
includes flow apertures 154 to allow exhaust to pass over the 
sensor electrode 102. In some embodiments, the flow aper 
tures 154 are circular. In other embodiments, the flow aper 
tures 154 are non-circular. In some embodiments, the protec 
tive housing 152 is a wire cage configured to mechanically 
protect the sensor electrode 102. In some embodiments, the 
protective housing 152 is made of metal. In other embodi 
ments, the protective housing is made of a rigid, non-metallic 
material capable of withstanding the heat of the exhaust 
Stream. 
The sensor assembly 150 includes electrical leads 156 
attached to one or more electrode attachment points 108. The 
electrical leads 156 may supply power to the sensor assembly 
150. In other embodiments, the electrical leads 156 relay 
sensor signals from the wire electrode 102. Some embodi 
ments may include more or less than two electrical leads 156. 
FIG. 6 depicts a block diagram of one embodiment of a 
particulate matter detection system 160. The illustrated 
embodiment includes an engine 162. The engine 162 pro 
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duces exhaust which moves along an exhaust system 164. The 
sensor 166 is inserted into the exhaust system 164 to detect 
particulate matter in the exhaust stream. The exhaust system 
164 facilitates flow of the exhaust gases to an exhaust outlet 
178. As the exhaust in the exhaust system 164 passes over the 
sensor 166, the sensor 166 detects the particulate matter 
within the exhaust by measuring changes in the electrical 
potential at the sensor 166. 
The particulate matter detection system 160 also includes 
an electronic control module 168. The sensor 166 relays the 
sensor signal to the processor 170 of the electronic control 
module 168. In some embodiments, the processor 170 sends 
a signal to the heater controller 172 to activate the heater on 
the sensor 166 according to a timing scheme or on Some other 
non-continuous basis. In some embodiments, the processor 
analyzes the signal from the sensor 166. If the signal is cor 
rupted, the processor sends a signal to the heater controller 
172. The heater controller 172 activates the heater on the 
sensor 166 and the heater of the sensor 166 burns off particu 
late matter deposits that corrupt the signal from the sensor 
166. If the signal is not corrupt, the processor 170 sends the 
signal to the electronic memory device 174 of the electronic 
control module 168. The electronic memory device 174 com 
pares the signal with data stored in a lookup table 176 to 
decipher the qualities of the exhaust in the exhaust system 
164. The electronic memory device 174 may decipher a count 
of particulate matter particles within the exhaust. The elec 
tronic memory device 174 may compare the signal with data 
from the lookup table 176 to decipher particulate matter par 
ticle size in the exhaust. In some embodiments, the electronic 
memory device 174 deciphers one or more of the qualities of 
the exhaust in the exhaust system 164. 
Some embodiments of the particulate measurement system 
160 also may include one or more emissions control elements 
to emit neutralizing chemicals into the exhaust system 164 
either before or after the sensor 166. It should also be noted 
that embodiments of the sensor 166 may be tolerant of fluc 
tuations of certain gaseous constituents in an exhaust gas 
environment. In this way, the sensor 166 may be calibrated to 
measure particular chemicals or materials within an exhaust 
Stream. 
FIG. 7 depicts a schematic flowchart diagram of one 
embodiment of a method 180 for operating a particulate mat 
ter sensor. While certain particulate matter sensors and par 
ticulate matter sensor assemblies may be referenced in con 
nection with the description of the method 180, embodiments 
of the method 180 may be implemented with other types of 
particulate matter sensors and particulate matter sensor 
assemblies. Additionally, embodiments of the method 180 
may be implemented with various types of particulate matter 
measurement systems. 
In the illustrated embodiment, a sensor 100 detects 182a 
chemical composition within an exhaust stream. The sensor 
includes an air gap 106 between a sensor electrode 102 and a 
shroud 104. The shroud 104 Surrounds the sensor electrode 
102 and the air gap 106 is exposed to the exhaust stream. 
In the illustrated embodiment, an electronic control mod 
ule 168 activates 184 a heater 110 in response to a trigger 
condition. The heater 110 is mounted relative to the sensor 
electrode 102. The illustrated embodiment also includes a 
heater 110 to heat 186 the particulate matter in the air gap 106 
between the sensor electrode 102 and the shroud 104. 
FIG. 8 depicts a block diagram of one embodiment of a 
method 190 for making a particulate matter sensor. The illus 
trated method includes mounting 192 a sensor electrode 102 
partially within a shroud 104 to form an air gap 106 between 














includes mounting 194 the sensor electrode 102 and the 
shroud 104 at least partially within a sensor housing 112. The 
distal ends of the shroud 104 and the sensor electrode 102 
extend beyond a threshold of the sensor housing 112. The 
method 190 also includes mounting 196 aheater 110 approxi 
mately adjacent to a portion of the shroud 104. The heater 110 
burns off particulate matter in the air gap 104 between the 
sensor electrode 102 and the shroud 104. 
Although the operations of the method(s)herein are shown 
and described in a particular order, the order of the operations 
of each method may be altered so that certain operations may 
be performed in an inverse order or so that certain operations 
may be performed, at least in part, concurrently with other 
operations. In another embodiment, instructions or Sub-op 
erations of distinct operations may be implemented in an 
intermittent and/or alternating manner. 
FIG.9 depicts a schematic diagram of another embodiment 
of the sensor assembly 100 of FIG. 1. In the illustrated 
embodiment, the heater element 110 is located within the 
sensor housing 112 and at a distance from the electrode 
attachment point 108. In some embodiments, the heater 110 
may be located closer or farther from the proximal end of the 
shroud 104 or the electrode attachment point 108. 
FIG. 10 depicts a schematic diagram of another embodi 
ment of the sensor assembly 100 of FIG.1. In the illustrated 
embodiment, the heater element 110 is located outside of the 
sensor housing 112. In some embodiments, the heater 110 
may be located closer or farther from the proximal end of the 
shroud 104 or the electrode attachment point 108. 
Although specific embodiments of the invention have been 
described and illustrated, the invention is not to be limited to 
the specific forms or arrangements of parts so described and 
illustrated. The scope of the invention is to be defined by the 
claims appended hereto and their equivalents. 
What is claimed is: 
1. A sensor apparatus comprising: 
a sensor electrode to measure a chemical composition 
within an exhaust stream; 
a shroud to Surround at least a portion of the sensor elec 
trode, exclusive of a distal end of the sensor electrode 
exposed to the exhaust stream, wherein the shroud is 
configured to define an air gap between the sensor elec 
trode and the shroud, and the shroud further defines an 
opening near the distal end of the sensor electrode, 
wherein the shroud is electrically conductive; 
an electrical lead coupled to the electrically conductive 
shroud to apply a bias Voltage to the electrically conduc 
tive shroud; and 
aheater mounted relative to the sensor electrode, the heater 
to burn off particulate matter in the air gap between the 
sensor electrode and the shroud. 
2. The sensor apparatus of claim 1, wherein the sensor 
electrode comprises a metallic wire. 
3. The sensor apparatus of claim 1, further comprising a 
non-catalytic coating on a surface of the sensor electrode, the 
non-catalytic coating to resist adhesion of the particulate 
matter to the sensor electrode. 
4. The sensor apparatus of claim 3, wherein the non-cata 
lytic coating comprises a metal oxide. 
5. The sensor apparatus of claim 1, further comprising a 
catalytic coating on a Surface of the sensor electrode, the 
catalytic coating to facilitate surface reactions with the par 
ticulate matter for removal of the particulate matter from the 
surface of the sensor electrode. 
6. The sensor apparatus of claim 5, wherein the catalytic 
coating comprises a precious metal. 
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7. The sensor apparatus of claim 1, wherein the bias voltage 
is greater than about 500 V. 
8. The sensor apparatus of claim 7, wherein the bias voltage 
is approximately between 500-2000 V. 
9. The sensor apparatus of claim 1, further comprising an 
electrically insulating shroud mounted to approximately 
encircle the electrically conductive shroud. 
10. The sensor apparatus of claim 1, wherein the shroud is 
located at a radial distance within a range of about 1-2 mm 
from the surface of the electrode. 
11. The sensor apparatus of claim 1, wherein the heater 
comprises a resistance heater. 
12. The sensor apparatus of claim 11, wherein the resis 
tance heater comprises a coil of electrically resistive wire. 
13. The sensor apparatus of claim 1, wherein the heater 
comprises an inductance heater. 
14. The sensor apparatus of claim 1, wherein the heater 
comprises a combustion heater. 
15. The sensor apparatus of claim 1, wherein the heater is 
located inside the shroud. 
16. The sensor apparatus of claim 1, wherein the heater is 
located outside the shroud. 
17. The sensor apparatus of claim 1, further comprising a 
sensor housing, wherein the heater is located inside the sensor 
housing. 
18. The sensor apparatus of claim 1, further comprising a 
sensor housing, wherein the heater is located outside the 
sensor housing and outside the exhaust stream. 
19. The sensor apparatus of claim 1, wherein the heater is 
configured to generate heat Substantially continuously. 
20. The sensor apparatus of claim 1, wherein the heater is 
configured to generate heat intermittently. 
21. The sensor apparatus of claim 1, wherein the heater is 
located approximately at a distance of 0-25 mm from the 
distal end of the shroud. 
22. The sensor apparatus of claim 21, wherein the heater is 
located at a distance of approximately 15 mm from the distal 
end of the shroud. 
23. A system for detecting particulate matter, the system 
comprising: 
a sensor to detect particulate matter within an exhaust 
stream, the sensor comprising a sensor electrode and a 
shroud Surrounding the sensor electrode, wherein the 
shroud is exclusive of a distal end of the sensor electrode 
exposed to the exhaust stream, wherein the shroud is 
configured to define an air gap between the sensor elec 
trode and the shroud, wherein the air gap is exposed to 
the exhaust stream through an opening defined by the 
shroud near the distal end of the sensor electrode, and 
wherein the shroud is electrically conductive; 
aheater mounted relative to the sensor electrode, the heater 
to burn off particulate matter in the air gap between the 
sensor electrode and the shroud; and 
a processor to receive a sensor signal from the sensor 










Sor is further configured to apply a bias Voltage to the 
electrically conductive shroud. 
24. The system of claim 23, wherein the electrode is 
mounted at least partially inside a sensor housing. 
25. The system of claim 23, further comprising a non 
catalytic coating on a Surface of the sensor electrode, the 
non-catalytic coating to resist adhesion of the particulate 
matter to the sensor electrode. 
26. The sensor apparatus of claim 23, wherein the non 
catalytic coating comprises a metal oxide. 
27. The system of claim 23, further comprising a catalytic 
coating on a Surface of the sensor electrode, the catalytic 
coating to facilitate surface reactions with the particulate 
matter for removal of the particulate matter from the surface 
of the sensor electrode. 
28. The sensor apparatus of claim 27, wherein the catalytic 
coating comprises a precious metal. 
29. The system of claim 23, wherein the processor is fur 
ther configured to control a frequency of operation of the 
heater. 
30. The system of claim 23, wherein the processor is fur 
ther configured to control a temperature of operation of the 
heater. 
31. The system of claim 23, further comprising an elec 
trode housing to at least partially enclose the distal end of the 
sensor electrode, the electrode housing comprising apertures 
to allow the exhaust stream to flow across the sensor elec 
trode. 
32. The system of claim 23, further comprising: 
a second sensor to detect the chemical composition within 
the exhaust stream; 
a second shroud surrounding the second sensor electrode to 
define an air gap between the second sensor electrode 
and the second shroud, wherein the air gap is exposed to 
the exhaust stream; and 
a second heater mounted relative to the second sensor 
electrode, the second heater to burn off particulate mat 
ter in the air gap between the second sensor electrode 
and the second shroud; 
wherein the processor is further configured to receive a 
second sensor signal from the second sensor electrode 
and to control the second heater. 
33. The system of claim 32, wherein the first and second 
electrodes are mounted to a single sensor housing. 
34. The system of claim 23, further comprising an electri 
cally insulating shroud mounted to approximately encircle 
the electrically conductive shroud. 
35. The sensor apparatus of claim 1, wherein the electrical 
lead is further configured to apply the bias voltage to the 
electrically conductive shroud according to a processor. 
36. The system of claim 23, further comprising an electri 
cal lead coupled to the processor, wherein the electrical lead 
is configured to apply the bias Voltage to the electrically 
conductive shroud according to the processor. 
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